Permafrost is characterized by low temperature, and its thermal stability is key to geohydrological cycles, energy exchange, and climate regulation. Increasing engineering activities, i.e., road construction and operations, are affecting the thermal stability in permafrost regions and have already led to the degradation of permafrost and caused environmental problems. To understand the spatiotemporal influence of road construction and operations on the thermal dynamics in permafrost regions, we conducted a study in the Ela Mountain Pass where multiple roads intersect on the Qinghai-Tibet Plateau (QTP) and calculated the thermal dynamics from 2000 to 2017 using normalized spectral entropy (measuring the disorderliness of time-series data). Our results indicate that road level is a significant influencing factor, where high-level roads (expressways) exhibit stronger thermal impacts than low-level roads (province-and county-level roads). Our results also indicate that duration of operation is the most significant factor that determines the thermal impacts of roads on permafrost: the thermal impacts of the newly paved expressway are positively related to elevation, while the thermal impacts of the old expressway are positively related to less vegetated areas.
Introduction
Evidence released in the fifth assessment report by the Intergovernmental Panel on Climate Change (IPCC) shows that more than half of global warming from 1951 to 2013 is associated with human activities [1, 2] . Global warming driven by human activities has already taken severe tolls on the biogeochemical system of the Earth, including permafrost degradation [3, 4] .
Permafrost is a critical component of the Qinghai-Tibet Plateau (QTP, the world's highest and largest plateau) in China. The area of the permafrost on the QTP has undergone substantial degradation during the past several decades (from 1.5 × 10 6 km 2 in 1976 to 1.26 × 10 6 km 2 in 2013, corresponding Sustainability 2019, 11, 7177 2 of 10 approximately the size of the United Kingdom) [5, 6] . Existing studies show that linear engineering projects (road pavement and operation) are the dominant factor responsible for such degradation [7, 8] . Road pavement and operation disturb the water-heat balance between natural ground and atmosphere, thereby leading to temperature rise and permafrost degradation [9] . Consequently, permafrost degradation strongly affects the geohydrological cycle, which can cause unexpected environmental and engineering disasters.
Studies of road pavement and operations in permafrost are hot topics [10] [11] [12] . Previous studies focus on climate changes and permafrost impacts on road embankment, settlement, and stability [13] [14] [15] ; however, few analyses have been devoted to the thermal impacts of road pavement and operations on permafrost dynamics. For the QTP region, due to limited accessibility in permafrost regions, numerical simulation was adopted to analyze geothermal changes along roads and the surrounding permafrost [16] . Moreover, Liu and others analyzed the thermal effect of rainwater infiltration into the subgrade of roads on the permafrost degradation by laboratory experiment [17] . The results of such methods rely heavily on the model performance with limited real observation data. Other studies used point-level data collected from meteorological observation stations or ground temperature observation holes [18, 19] . Although such point-level data can be used to measure ground temperature at the regional level via spatial interpolation, the result usually blurs or ignores important detailed information (e.g., linear impacts from roads). The problem is even more severe on the QTP because the distribution of meteorological observation stations is rather sparse for such a vast region, and many of them are not close to roads. The analyses mentioned above (numerical simulation, lab experiment, point-level observation, and interpolation) are not fit for a large-scale long-term understanding of road pavement and operation on permafrost dynamics (very true for the QTP). Thus, we adopt satellite data collected using a moderate resolution imaging spectroradiometer (MODIS) as our data input, which is ideal for monitoring large-scale long-term land surface data, including high-latitude regions like the QTP [20, 21] .
To capture spatiotemporal information of ground temperature on the QTP permafrost at the regional level and to better assess the associated impacts of human activities (road pavement and operation), we placed our study region in a mountain pass with multiple road intersections, used satellite data (real observation data, thermal product) as data input, and adopted a powerful indicator, normalized spectral entropy (Hs n ), as the method [22, 23] . In the analysis, we set the buffer zone as 1 km from study roads, calculated the Hs n of the study area [24, 25] , and then analyzed and compared the Hs n of the road with respect to different land cover types and elevation divisions.
Data and Methods

Study Region
The QTP has the largest permafrost area in the world, which has been considerably affected by increasing human activities (road pavement and operations), causing substantial degradation of permafrost and other related economic and environmental problems [26] . Here, we selected the permafrost region in the Ela Mountain Pass (97.30-99.30 • E, 34-35.30 • N) on the QTP as our study area. The Ela Mountain Pass is an excellent study region to evaluate the spatiotemporal impacts of human activities on permafrost dynamics, because multiple roads (one old expressway in operation since 2007, one newly paved expressway in operation since 2017, one province-level road in operation since 2016, and two county-level roads in operation since 2000) have been paved and are in operation over the past two decades ( Figure 1 ). Road levels, from high to low, include an expressway, a province-level road, and county-level roads. [27] , provided as vector type. The DEM was downloaded from the National Aeronautics and Space Administration (www.nasa.gov), provided at 90 m resolution. Note the rectangular area is the scope of a moderate resolution imaging spectroradiometer (MODIS) scene, which covers the entire Ela Mountain Pass with the upper-left part missing (not including the study area).
Land Surface Temperature
We used MOD11A1, a MODIS product, which is the daily land surface temperature data provided at 1 km spatial resolution and daily temporal resolution. The MOD11A1 used here were downloaded from the U.S. Geological Survey (https://lpdaac.usgs.gov/), with temporal coverage from January 2000 to December 2017 and spatial coverage between longitude range 92.38-117.49°E and latitude range 30-40°N (covering the study area of Ela Mountain Pass). The MOD11A1 used here is Version 4 (i.e., commercially available), which have been verified by the long-term, large-scale ground temperature data and measured at 90% accuracy [28, 29] .
We used the MODIS Reprojection Tool (MRT) software to re-project MOD11A1 data onto the WGS 84 projection system, and then saved the data as the geotiff type with nearest neighbor resampling. Next, we extracted the monthly maximum ground temperatures using daily land surface temperature, which were then used in our calculations (see Supplementary file S1 for detailed process). Compared with the monthly ground temperature, monthly maximum ground temperature can better capture the thermal impacts caused by road pavement.
Normalized Spectral Entropy
We adopted the normalized spectral entropy here, which is an entropy measurement. Entropy is initially a physical quantity in thermodynamics that characterizes the degree of disorder in the state of molecules [30] . In 1948, information entropy was proposed by Shannon to solve the problem of quantifying information and clarifying the relationship between the probability of information occurrence and information redundancy [31] . Additionally, spectral entropy is the application of information entropy in the power spectrum [23] . Information entropy can be used to assess the degree of disorder or confusion in isolated systems, and the more chaotic a system, the higher the information entropy [32] . Information entropy has been widely applied in the studies of climate change and land use changes [22, 23] . Therefore, we attempt to use the normalized spectral entropy to assess the dynamics and disturbances of the permafrost ground temperature system, as well as to quantify the long-term cumulative thermal impacts of roads on permafrost. The steps of calculating the normalized spectral entropy of the study region based on the time-series remote sensing data of the monthly maximum ground temperature are shown in Figure 2 . [27] , provided as vector type. The DEM was downloaded from the National Aeronautics and Space Administration (www.nasa.gov), provided at 90 m resolution. Note the rectangular area is the scope of a moderate resolution imaging spectroradiometer (MODIS) scene, which covers the entire Ela Mountain Pass with the upper-left part missing (not including the study area).
Land Surface Temperature
We used MOD11A1, a MODIS product, which is the daily land surface temperature data provided at 1 km spatial resolution and daily temporal resolution. The MOD11A1 used here were downloaded from the U.S. Geological Survey (https://lpdaac.usgs.gov/), with temporal coverage from January 2000 to December 2017 and spatial coverage between longitude range 92.38-117.49 • E and latitude range [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] • N (covering the study area of Ela Mountain Pass). The MOD11A1 used here is Version 4 (i.e., commercially available), which have been verified by the long-term, large-scale ground temperature data and measured at 90% accuracy [28, 29] .
Normalized Spectral Entropy
We adopted the normalized spectral entropy here, which is an entropy measurement. Entropy is initially a physical quantity in thermodynamics that characterizes the degree of disorder in the state of molecules [30] . In 1948, information entropy was proposed by Shannon to solve the problem of quantifying information and clarifying the relationship between the probability of information occurrence and information redundancy [31] . Additionally, spectral entropy is the application of information entropy in the power spectrum [23] . Information entropy can be used to assess the degree of disorder or confusion in isolated systems, and the more chaotic a system, the higher the information entropy [32] . Information entropy has been widely applied in the studies of climate change and land use changes [22, 23] . Therefore, we attempt to use the normalized spectral entropy to assess the dynamics and disturbances of the permafrost ground temperature system, as well as to quantify the long-term cumulative thermal impacts of roads on permafrost. The steps of calculating the normalized spectral entropy of the study region based on the time-series remote sensing data of the monthly maximum ground temperature are shown in Figure 2 . 
where N is equal to half the length of the time series, which denotes the number of frequencies derived by the fast Fourier transform [23] ; and Pk is the probability that the amplitude value of the kth The spectral entropy of the time-series remote sensing data of the maximum ground temperature per month in the Ela Mountain Pass can be calculated as follows:
where N is equal to half the length of the time series, which denotes the number of frequencies derived by the fast Fourier transform [23] ; and P k is the probability that the amplitude value of the k th signal Sustainability 2019, 11, 7177 5 of 10 occurs anywhere in the signal [33] , which means the probability density of frequency sequence data for the maximum ground temperature per month. P k can be calculated as follows:
where λ k is the power spectrum of the k th signal [34] , namely, the power spectrum of the frequency sequence data for the k th maximum ground temperature.
To obtain the normalized value, spectral entropy is usually processed to a range of values between 0 and 1 as follows:
where the term ln(N) is the theoretical maximum value of entropy when all values of P k are equal [23] . The normalized spectral entropy Hs n can be used to describe the disorderliness of time-series data based on its power spectrum [23] . For the ground temperature profiles derived from the MOD11A1, stable temperature along time axis would have a small Hs n value, while unstable temperature would have large Hs n value [22] .
According to Equations (1)- (3), the key to calculating the normalized spectral entropy Hs n of the time-series data of the maximum ground temperature per month is to convert the time-series data into frequency sequence data and calculate its power spectrum λ k . The process of calculating the reference permafrost ground temperature profile of a power spectrum and probability density is surrogate generation, which assesses the dependence of normalized spectral entropy on remote sensing data properties and length [23, 35, 36] .
First, we determined the desired power spectrum P based on the Nyquist frequency theory [33] and generated the original time-series ground temperature of predetermined probability distributions using the rejection method [37] , whose probability distribution function is a non-sinusoidal periodic function. The desired power spectrum is a rectangular shape centered at a normalized frequency of 0.5 [33] .
Next, we obtained a new sequence at each iteration in two steps [23, 33, 36] . In step one, we obtained the frequency sequence data of the ground temperature R (i) by taking the fast Fourier transform (FFT) of the original time-series data r (i) arranged in ascending order, R (i) = FFT(r (i) ), then the amplitude R (i) and the complex phase of R (i) were simultaneously obtained. Then, replacing the amplitude R (i) by the desired one √ P and retaining the complex phase, we obtained a new sequence s (i) taking the inverse fast Fourier transform (IFFT), s (i) = IFFT √ P × R i / R i . In step two, we obtained a new sequence r (i+1) by ranking s (i) in ascending order. Third, we computed the relative error ε (i) between the desired power spectrum P and obtained new power spectrum R (i) 2 to decide upon the cessation of the iterative algorithm as follows:
We produced a more accurate power spectrum by iteratively changing the probability distribution and the power spectrum until the accuracy of the relative error (0.001) or the number of iterations (100) was satisfied [23] . Then, we calculated the Hs n according to Equations (1)-(3). We developed the specific procedures by using the R statistical language for the surrogate generation and outputting the Hs n (see Supplementary file S2 for the detailed process) [38] .
The Hs n can be used to describe the disorderliness of time-series data based on its power spectrum [23] . For the ground temperature profiles derived from the MOD11A1, stable temperatures along the time axis would have small Hs n values, while unstable temperatures would have large Hs n values [22] . 
Results
From 2000 to 2017, the thermal impacts of roads on permafrost varied substantially in the Ela Mountain Pass on the QTP (Figure 3 ). The thermal impact of the old expressway was the largest (average buffered Hs n = 0.69), followed by the new expressway (average buffered Hs n = 0.63), and the province-level road (average buffered Hs n = 0.59). The thermal impact of county-level roads was the smallest (average buffered Hs n = 0.57).
The Hsn can be used to describe the disorderliness of time-series data based on its power spectrum [23] . For the ground temperature profiles derived from the MOD11A1, stable temperatures along the time axis would have small Hsn values, while unstable temperatures would have large Hsn values [22] .
From 2000 to 2017, the thermal impacts of roads on permafrost varied substantially in the Ela Mountain Pass on the QTP (Figure 3 ). The thermal impact of the old expressway was the largest (average buffered Hsn = 0.69), followed by the new expressway (average buffered Hsn = 0.63), and the province-level road (average buffered Hsn = 0.59). The thermal impact of county-level roads was the smallest (average buffered Hsn = 0.57). To further understand the thermal impacts of roads on permafrost, we superimposed the land cover and elevation data on the Hsn result map ( Figure 1; Figure 3 ) and analyzed the buffered Hsn of roads accordingly [39, 40] . Road-buffered Hsn on most land covers was lower than the overall average of corresponding land cover, except the old expressway buffered Hsn on medium coverage grassland, low-coverage grassland, shrubbery, and unused land (Figure 4 ). For the high-coverage grassland, shrubbery, and unused land, the buffered Hsn of the old expressway was the highest, followed by the province-level road and newly paved expressway; the buffered Hsn of the county-level roads was the smallest. For the medium-coverage grassland, the buffered Hsn of the old expressway was the highest, followed by the newly paved expressway and province-level road; the buffered Hsn of the county-level roads was the smallest. For the low-coverage grassland, the old expressway buffered Hsn was the highest, followed by the newly paved expressway and county-level roads; the buffered Hsn of the province-level road was the smallest. To further understand the thermal impacts of roads on permafrost, we superimposed the land cover and elevation data on the Hs n result map ( Figure 1; Figure 3 ) and analyzed the buffered Hs n of roads accordingly [39, 40] . Road-buffered Hs n on most land covers was lower than the overall average of corresponding land cover, except the old expressway buffered Hs n on medium coverage grassland, low-coverage grassland, shrubbery, and unused land (Figure 4 ). For the high-coverage grassland, shrubbery, and unused land, the buffered Hs n of the old expressway was the highest, followed by the province-level road and newly paved expressway; the buffered Hs n of the county-level roads was the smallest. For the medium-coverage grassland, the buffered Hs n of the old expressway was the highest, followed by the newly paved expressway and province-level road; the buffered Hs n of the county-level roads was the smallest. For the low-coverage grassland, the old expressway buffered Hs n was the highest, followed by the newly paved expressway and county-level roads; the buffered Hs n of the province-level road was the smallest.
From 2000 to 2017, the thermal impacts of roads on permafrost varied substantially in the Ela Mountain Pass on the QTP (Figure 3) . The thermal impact of the old expressway was the largest (average buffered Hsn = 0.69), followed by the new expressway (average buffered Hsn = 0.63), and the province-level road (average buffered Hsn = 0.59). The thermal impact of county-level roads was the smallest (average buffered Hsn = 0.57). To further understand the thermal impacts of roads on permafrost, we superimposed the land cover and elevation data on the Hsn result map ( Figure 1; Figure 3 ) and analyzed the buffered Hsn of roads accordingly [39, 40] . Road-buffered Hsn on most land covers was lower than the overall average of corresponding land cover, except the old expressway buffered Hsn on medium coverage grassland, low-coverage grassland, shrubbery, and unused land (Figure 4 ). For the high-coverage grassland, shrubbery, and unused land, the buffered Hsn of the old expressway was the highest, followed by the province-level road and newly paved expressway; the buffered Hsn of the county-level roads was the smallest. For the medium-coverage grassland, the buffered Hsn of the old expressway was the highest, followed by the newly paved expressway and province-level road; the buffered Hsn of the county-level roads was the smallest. For the low-coverage grassland, the old expressway buffered Hsn was the highest, followed by the newly paved expressway and county-level roads; the buffered Hsn of the province-level road was the smallest. With elevated altitude, the buffered Hs n of all road types increased ( Figure 5 ). The increase in the newly paved expressway buffered Hs n was the greatest, which surpassed the overall average from 4500-4700 to 4900-5100 m. The buffered Hs n of the old expressway experienced a slight increase with the increased elevation and was larger than the overall average in most elevation divisions except for Sustainability 2019, 11, 7177 7 of 10 4700-4900 m. The buffered Hs n of the province-level road and county-level roads were relatively stable, and were smaller than the overall average in all elevation divisions.
With elevated altitude, the buffered Hsn of all road types increased ( Figure 5 ). The increase in the newly paved expressway buffered Hsn was the greatest, which surpassed the overall average from 4500-4700 to 4900-5100 m. The buffered Hsn of the old expressway experienced a slight increase with the increased elevation and was larger than the overall average in most elevation divisions except for 4700-4900 m. The buffered Hsn of the province-level road and county-level roads were relatively stable, and were smaller than the overall average in all elevation divisions. In addition to a statistical study of the above difference of the Hsn distribution, we performed ANOVA for Hsn of different roads and outside the road buffer with respect to land cover and elevation ( Table 1 ). The results showed that the Hsn of different roads and outside the road buffer was significantly different among grassland and unused land as all p-value < 0.05, except for shrubbery, whose p-value was 0.306 and greater than 0.05, indicating an infinitesimal thermal impact difference among shrubbery. The difference was also significant when the elevation range was from 4100-4300 to 4900-5100 m, as all p-values were less than 0.05. Detailed parameter outputs of ANOVA are provided in Supplementary Table S1 . 
Discussion and Conclusions
Our results show that different road types have different impacts on the thermal dynamics of permafrost, among which the impact of the expressway is strongest. Specifically, in both land cover and elevation comparisons, the overall average Hsn is generally lower than the Hsn of high-level roads and is higher than the Hsn of low-level roads, showing that the expressway has substantial In addition to a statistical study of the above difference of the Hs n distribution, we performed ANOVA for Hs n of different roads and outside the road buffer with respect to land cover and elevation ( Table 1 ). The results showed that the Hs n of different roads and outside the road buffer was significantly different among grassland and unused land as all p-value < 0.05, except for shrubbery, whose p-value was 0.306 and greater than 0.05, indicating an infinitesimal thermal impact difference among shrubbery. The difference was also significant when the elevation range was from 4100-4300 to 4900-5100 m, as all p-values were less than 0.05. Detailed parameter outputs of ANOVA are provided in Supplementary  Table S1 . 
Our results show that different road types have different impacts on the thermal dynamics of permafrost, among which the impact of the expressway is strongest. Specifically, in both land cover and elevation comparisons, the overall average Hs n is generally lower than the Hs n of high-level roads and is higher than the Hs n of low-level roads, showing that the expressway has substantial impacts on the thermal dynamics of permafrost, while the impacts from province-level and county-level roads are limited.
Our results also show that the operation duration is a sensitive factor for the expressway thermal impacts, which provides scientific suggestions in infrastructure planning and construction on the QTP and other permafrost regions. The thermal impact of the newly paved expressway becomes significantly stronger with increased elevation, exhibiting greater perturbation to the permafrost. The thermal impact of the old expressway is more closely related with land covers, and this is particularly true for those land covers with less vegetation coverage, including medium coverage grassland, low coverage grassland, shrubbery, and unused land. Thus, more attention should be paid to the mountain region during road construction, and more maintenance should be conducted for less vegetated regions in road operation.
It is worth noting that weather and elevation contribute to entropy, but they exhibit a limited influence on entropy changes. For example, temperature is an important weather factor, which increases in spring and decreases in winter. Since the temperature fluctuations are rather stable (like a sine function) with a fixed frequency, we assume they contribute little to entropy changes. For elevation, our comparison analysis is conducted in each elevation division, in which we assume elevation does not contribute to entropy changes either.
This study proposes an innovative approach to understanding the thermal impacts of roads on permafrost dynamics at large spatiotemporal scales. The method adopted here relies on Fourier transform, which requires the data series to be stable at the second derivatives. We are currently working on the wavelet transform method, with the objective of improving the understanding of accuracy and of providing improved suggestions on infrastructure construction and planning.
